Plant responses to developmental and environmental cues are often mediated by calcium (Ca
Introduction
In order to coordinate the developmental programs as well as to adapt to the environmental changes, plants have evolved sophisticated machineries for signal transduction linking perception and overall responses. The Ca 2+ -dependent signaling pathways participate in many aspects of plant development and environmental responses [1] [2] [3] . It is generally believed that stimulus-specific calcium signals are encoded by temporally and spatially defined patterns of Ca 2+ fluctuations that result from concerted action of Ca 2+ transporters [4] [5] . To decode these cellular "Ca 2+ signatures", plant cells are equipped with a variety of calcium sensor proteins, which undergo conformational changes upon Ca 2+ binding and regulate their target proteins that further orchestrate downstream responses [2, [6] [7] [8] [9] .
The calcineurin B-like (CBL) family proteins are related to the regulatory B subunit of calcineurin and neuronal calcium sensor proteins from animals and yeast [6, 10, 11] . These non-catalytic Ca 2+ sensors play crucial roles in Ca 2+ -dependent processes through physically interacting with and activating a group of protein kinases designated as CBL-interacting protein kinases (CIPKs) [12] [13] [14] . In Arabidopsis, several CBLs coupled with their target CIPKs have been demonstrated to function in response to ionic stress conditions including high sodium (Na + ) and low potassium (K + ) [15] . Through forward genetic screens, the CBL Ca 2+ sensor SOS3 (for Salt Overly Sensitive 3)/CBL4 and CIPK-type kinase SOS2/CIPK24 have been identified as key components in a Ca 2+ -signaling pathway that specifically mediates salt stress adaptation by regulating the Na + /H + antiporter SOS1 at the plasma membrane [11, [16] [17] [18] . Further studies indicated that another CBL member, CBL10, also interacts with CIPK24/SOS2 to protect Arabidopsis shoots from salt stress [19, 20] . In response to low-K + status, CIPK23 is activated and recruited to the plasma membrane by Ca 2+ sensors CBL1 and CBL9, and the CBL-CIPK23 complexes activate the shaker-like K + channel AKT1 for optimal K + uptake under limiting K + supply conditions [21] [22] [23] . Apart from controlling K + transport in roots, the CBL1-CIPK23 and CBL9-CIPK23 complexes also regulate the dual-affinity nitrate (NO 3 − ) transporter CHL1 by phosphorylation that serves as a molecular switch between low-and high-affinity NO 3 − transport modes [24] . In addition to their central regulation of ion fluxes in plant cells, CBLs play other roles in various abiotic stress adaptations. For instance, CBL1 integrates plant responses to cold, drought, salinity and hyperosmotic stresses [25, 26] and CBL9 is involved in abscisic acid (ABA) signaling and biosynthesis during seed germination [27] .
Distinct subcellular localizations of CBL proteins facilitate the localization of their targets including CIPKs, and thereby determine the functional specificity of each CBL [28, 29] . While CBL1 and CBL9 harbor motifs for N-myristoylation and S-acylation that anchor them to the plasma membrane and target their function towards regulation of transporters [21] [22] [23] 30] , several other CBL members, including CBL2, CBL3, CBL6 and CBL10, contain variable N-terminal extensions that target the proteins specifically to the vacuolar membranes [20, 28] . As discussed above, substantial progress has been made in characterizing plasma membrane-targeted CBL proteins such as CBL1, CBL4 and CBL9. However, little is known about the function of tonoplast-associated CBLs despite the tempting hypothesis that these CBLs may play a central role in the regulation of intracellular ion transport across the vacuolar membrane. In this study, we investigated the function of CBL2 and CBL3 in Arabidopsis and found that the tonoplast-localized CBL2 and CBL3 are critical for plant development and ion homeostasis in plant cells, at least in part through regulation of vacuolar H + -ATPase activity in plants. In the context of previous studies on plasma membrane CBLs, this study on tonoplast CBLs thus bridges a critical gap in our understanding of CBL-CIPK network in regulating ion homeostasis in plant cells.
Results

CBL2 and CBL3 exhibit overlapping but distinct expression patterns in Arabidopsis
CBL2 and CBL3 share 92% identity in amino acid sequence and their genes may originate from a gene duplication event [10, 31] . The function of these two highly similar genes may be highly redundant unless their expression pattern is distinct. As a step to dissect the functions of these two genes, we performed reverse transcription PCR (RT-PCR) analysis to determine their relative transcript abundance at different developmental stages and in various organs of Arabidopsis. The results showed that transcript levels of CBL2 and CBL3 were detectable early during germination and increased to a peak level when seedlings were established (approximately 7 days after germination). In mature plants, both CBL2 and CBL3 were ubiquitously expressed in roots, leaves, inflorescence stems, flowers and siliques, although the overall expression level of CBL2 was slightly higher than that of CBL3 ( Figure 1A) .
To analyze the expression pattern of CBL2 and CBL3 in more detail, we examined the histochemical activity of β-glucuronidase (GUS) in transgenic Arabidopsis plants expressing a CBL2 or CBL3 promoter-driven GUS reporter transgene. Such analysis revealed rather distinct patterns of expression between CBL2 and CBL3 genes. During early seedling development, expression of ProCBL2:GUS was detected in all tissues with stronger expression in aerial parts, whereas ProCBL3:GUS expression was more evident in roots ( Figure 1B , a-d and f-i). In cotyledons, strong GUS staining was observed in guard cells of transgenic plants harboring ProCBL2:GUS but not in those expressing ProCBL3:GUS ( Figure 1B , e, j). Moreover, ProCBL2:GUS expression was predominantly detected in the meristem and elongation zones of roots, the mesophyll cells of rosette leaves, the cortex and pith of inflorescence stems as well as anthers and stamen filaments of flowers ( Figure 1B , k-n). By contrast, expression of ProCBL3:GUS was detected mainly in the root tip and root hair zone, leaf veins, vascular bundles and the vasculature of sepals ( Figure 1B , p-s). Both ProCBL2:GUS and ProCBL3:GUS were also expressed in siliques, but the expression of ProCBL3:GUS was weaker and mainly restricted to the stigma and receptacle of developing siliques ( Figure 1B, o and t) .
Further quantitative real-time RT-PCR (qRT-PCR) analyses indicated that the expression of CBL2 or CBL3
was not obviously altered under high salt, hyperosmotic stress, or ABA treatment, but marginally induced by dehydration and low temperature (Supplementary information, Figure S1 ). In conclusion, CBL2 and CBL3 genes are broadly expressed in plant tissues but display both overlapping and differential expression patterns in various cell types of Arabidopsis. RT-PCR analysis of CBL2 and CBL3 transcripts during seedling emergence and in different organs of Arabidopsis plants. Total RNA was isolated from germinating seeds and young seedlings (1 day, 2 days, 3 days, 7 days, 21 days after sowing) or from various tissues (root, leaf, stem, flower, silique) of wild-type Col-0 plants. RT-PCR was performed with CBL2/3-specific primers or ACTIN2-specific primers at indicated numbers of PCR cycles. Genomic DNA was used as a control template to rule out its possible contamination in each cDNA sample. PCR products were visualized by agarose gel electrophoresis followed by ethidium bromide staining. (B) CBL2 and CBL3 promoter-GUS expression in transgenic Arabidopsis plants. Histochemical GUS staining was carried out at different germinating stages and in various tissues of CBL2 (the first and third rows) or CBL3 (the second and fourth rows) promoter-GUS transgenic plants. (a) and (f) one-day old germinating seed, scale bar = 0.5 mm; (b) and (g) two-day old germinating seed, scale bar = 0.5 mm; (c) and (h) three-day old seedling, scale bar = 2 mm; (d) and (i) seven-day old seedling, scale bar = 2 mm; (e) and (j) cotyledon from a five-day old seeding, scale bar = 1 mm; (k) and (p) young root, scale bar = 1 mm; (l) and (q) rosette leaf, scale bar = 5 mm; (m) and (r) section of an inflorescence stem, scale bar = 0.05 mm; (n) and (s) flower, scale bar = 0.5 mm; (o) and (t) silique, scale bar = 0.5 mm.
www.cell-research.com | Cell Research (Figure 2A ). Furthermore, we generated transgenic Arabidopsis lines stably expressing the CBL2-YFP or CBL3-YFP fusion protein. In these transgenic plants, the fluorescence of CBL2-YFP or CBL3-YFP in roots was also localized to the tonoplast, as indicated by membrane invaginations surrounding the nuclei ( Figure 2B ). In addition, fluorescence signals of CBL2-YFP and CBL3-YFP were not only concentrated on central vacuoles but also evident in the membranes of smaller lytic or storage vacuoles scattered in plant cells ( Figure 2B ).
Sequence analysis revealed that the tonoplast-localized CBL2 and CBL3 proteins contain an extension of 16-amino acids (16-aa) at the N-terminus compared to CBL1 that is predominantly targeted to plasma membrane (Supplementary information, Figure S2A ). Because CBL2 and CBL3 share a highly conserved N-terminal sequence, we employed the N-terminus of CBL2 as a model to map the tonoplast targeting determinant. Deletion of the N-terminal 16-aa sequence aborted the tonoplast localization of CBL2-YFP, and on the other hand, adding this short peptide to YFP did not change the cytoplasmic and nuclear distribution of free YFP (Supplementary information, Figure S2B ). This observation suggests that the N-terminus 16-aa sequence is required but not sufficient for targeting of CBL2 to the tonoplast. We next fused various fragments (from 17 to 28 aa) of CBL2 N-terminus to YFP N-terminus and expressed the fusion proteins in Arabidopsis mesophyll protoplasts. The results showed that a minimal length of 19-aa Nterminal region of CBL2 is sufficient to confer tonoplast localization (Supplementary information, Figure S3 ), which was therefore designated as "Tonoplast-Targeting Sequence (TTS)".
We also constructed various YFP-TTS chimeras for protoplast transfection, where the TTS was in the middle or at the C-terminus of the fusion protein, respectively. Both types of YFP-TTS fusions were associated with vacuolar membrane, similar to the N-terminal fusion of CBL2-YFP, suggesting that TTS works regardless of its location in the protein (Supplementary information, Figure S4 ). Interestingly, we further found that TTS was capable of directing different soluble proteins to the vacuolar membrane [32] (Supplementary information, Figure S5A ), but it failed to change the subcellular localization of proteins with multiple transmembrane domains (Supplementary information, Figure S5B ). 
CBL2 and CBL3 proteins both bind Ca
2+
Although deduced amino acid sequence and structural analysis suggest that all CBL proteins including CBL2 and CBL3 contain putative EF-hand motifs that contribute to calcium binding [10, 33] , experimental evidence for the calcium-binding property of CBL2 and CBL3 is limited. To determine whether CBL2 and CBL3 are indeed capable of binding Ca 2+ , we performed a 45 Caoverlay assay using the recombinant CBL2 and CBL3 proteins expressed in Escherichia coli. The GST-CBL2 or GST-CBL3 fusion protein was present as an approximately 50 kDa polypeptide in the soluble fraction and purified by glutathione sepharose affinity chromatography (Supplementary information, Figure S6 ). Both GST-CBL2 and GST-CBL3, but not the GST control, were able to bind Ca 2+ , confirming that CBL2 and CBL3 are indeed Ca 2+ -binding proteins that can function as calcium sensors ( Figure 2C ).
The cbl2 cbl3 double mutant displays developmental defects
To identify the function of CBL2 and CBL3, two T-DNA insertion lines SALK_151426 (cbl2) and SAIL_785_C10 (cbl3) were characterized. The cbl2 mutant contained a T-DNA insertion in the first intron of CBL2, and the cbl3 mutant carried a T-DNA insertion in the first exon of CBL3 ( Figure 3A) . Homozygous cbl2 or cbl3 individuals were isolated and the cbl2 cbl3 double mutant was identified in the F 2 populations derived from a cross between cbl2 and cbl3 single mutants. The cbl2 and cbl3 single mutants lacked detectable level of transcripts for CBL2 and CBL3, respectively, and cbl2 cbl3 double mutant was deficient in both transcripts. As a control, expression of CBL1 was not significantly altered in all mutants ( Figure 3B ).
Compared with wild-type plants (Col-0), neither of the single mutants exhibited any obvious phenotypic change during the life cycle. However, cbl2 cbl3 double mutant plants were stunted with necrosis at leaf tips ( Figure 3C ). In the segregation analysis of cbl2 +/− /cbl3 +/− , 16 out of 240 individual plants in the F 2 generation were smaller in size with leaf tip necrosis (χ 2 = 0.07, P = 0.79 for a 1:15 segregation ration), and all of these plants were verified to be homozygous for both cbl2 and cbl3 alleles. Further analyses of the progeny derived from a heterozygote cbl2
−/− revealed a 3:1 phenotypic segregation ratio of wild-type over cbl2 cbl3, consistent with the expectation that the presence of a wild-type copy of either CBL2 or CBL3 restored wild-type phenotype. Moreover, transformation of cbl2 cbl3 with either 35S:CBL2 or 35S:CBL3 restored plant growth phenotype to the wild-type (Supplementary information, Figure   S7 ). These genetic data demonstrate that the phenotypic changes manifested by the double mutant indeed result from disruption of both CBL2 and CBL3 genes.
We further assessed the cbl2 cbl3 double mutant phenotype and found that simultaneous disruption in CBL2 and CBL3 had drastic effects on plant growth and development in Arabidopsis. Under hydroponic conditions, intensity, stunted growth of the double mutant was even more evident ( Supplementary Information, Figure S8A ). Most strikingly, the cbl2 cbl3 mutant displayed obvious necrotic symptoms on the rosette leaves of various ages and on cauline leaves as well ( Figure 4B and Supplementary information, Figure S8B ). In the reproductive phase, the cbl2 cbl3 mutant bolted two weeks later than the wild-type (Supplementary information, Figure S8B ). At harvesting time, the mutant plants displayed shorter inflorescence, smaller flowers and underdeveloped siliques ( Figure 4C and 4D) . The fertility and yield of the double mutant were also severely reduced, as indicated by significantly shorter siliques and fewer seeds ( Figure  4G and 4H). Taken together, both vegetative growth and reproductive development were considerably impaired in the cbl2 cbl3 double knockout plants.
cbl2 cbl3 exhibits reduced vacuolar H + -ATPase activity and elevated vacuolar pH
The cbl2 cbl3 double mutant showed stunted growth, reduced fertility and necrotic lesions at the leaf tips. All these developmental abnormalities are reminiscent of the recently characterized vha-a2 vha-a3 double mutant lacking the tonoplast-localized membrane-integral vacuolar H + -ATPase subunit VHA-a ( Figure 5A , Supplementary information, Figure S8 , and [34] ). As both CBL2 and CBL3 are tonoplast calcium sensors, we thus speculated that the phenotypes of cbl2 cbl3 could be attributed to the malfunction of vacuolar H + -ATPase (V-ATPase). To this end, we measured total V-ATPase activity as Concanamycin A and NO 3 − -sensitive ATP hydrolysis in microsomal membranes from rosette leaves of the wildtype, cbl2 and cbl3 single mutants, as well as cbl2 cbl3 and vha-a2 vha-a3 double mutants [34] [35] [36] . Compared to the wild-type control, similar levels of V-ATPase activity was found in both single mutants. In contrast, activity from the cbl2 cbl3 double mutant was reduced by more than 30%, whereas 85% V-ATPase activity was lost in Figure 5B ). On the other hand, the activity of vacuolar H + -pyrophosphatase (V-PPase) measured as KCl-stimulated PPi hydrolysis remained unchanged in all samples ( Figure 5B ). These results suggest that disruption of CBL2 and CBL3 reduced tonoplast V-ATPase activity in Arabidopsis, presumably leading to growth and developmental defects that are similar to those in the vha-a2 vha-a3 mutant, specifically deficient in V-ATPase activity. These defects are milder in the cbl2 cbl3 double mutant as compared to the vha-a2 vha-a3 mutant, consistent with the observation that cbl2 cbl3 mutant plants retained higher V-ATPase activity than the latter.
Plant V-ATPase catalyzes ATP hydrolysis that is coupled to the translocation of protons (H + ) into the vacuole [37] . To corroborate our results in an independent assay, we measured the H + -transport activity of vacuolar membrane vesicles purified from wild-type and cbl2 cbl3 microsomal membranes. The cbl2 cbl3 double mutant showed a 40% reduction in V-ATPase H + transport activity compared to the wild-type control ( Figure 5E) .
Transport of H + into vacuole contributes to acidification of vacuolar compartments and establishment of pH gradients across tonoplast [38, 39] . To assess if the decline of V-ATPase activity in cbl2 cbl3 mutant affects vacuolar pH, we used the rationmetric fluorescent pH indicator 2′,7′-bis-(2-carboxyethyl)-5-(6)-carboxyfluorescein (BCECF) to measure vacuolar pH [40] . The pH values were calculated from fluorescence ratios of confocal images ( Figure 5C ) based on an in situ calibration curve (Supplementary information, Figure S9 ). In wildtype mesophyll cells, the vacuolar pH was averaged at 5.74, but that of cbl2 cbl3 mutant was shifted to 6.08 ( Figure 5D ). Hence a lower luminal H + concentration in cbl2 cbl3 mutant as indicated by the higher pH further supports that CBL2 and CBL3 are required to maintain tonoplast V-ATPase activity.
cbl2 cbl3 double mutant plants are hypersensitive to excessive metal ions
Ionic sequestration into the vacuole plays a key role in detoxification of deleterious metals from the cytoplasm. The cytosol-vacuole ion transport is often mediated by secondary transporters that are energized by the electrochemical proton gradient produced by V-ATPase and V-PPase [39] . In the light of reduced V-ATPase activity in cbl2 cbl3, we hypothesized that the double mutant might be compromised in its tolerance to ionic perturbations. Therefore, we compared the cbl2 cbl3 mutant and wild-type plants for their sensitivity to excessive levels of external ions. In identifying a control medium, we found that cbl2 cbl3 mutant and wild-type seedlings grew similarly on the 1/6-strength Murashige and Skoog medium (1/6 MS) [41] , which was subsequently used as the control medium ( Figure 6A ). The growth of cbl2 cbl3 seedlings were severely impaired on control medium supplemented with 40 mM Ca , ( Figure 6C and 6E). At the end of each assay, fresh weight measurements of seedlings statistically confirmed the ion sensitivity phenotypes of cbl2 cbl3 double mutant ( Figure 6H ). Interestingly, despite the earlier finding that Na + sequestration into vacuole depends on Na + /H + antiporters [42, 43] , cbl2 cbl3 double mutant did not show hypersensitive response to 60 mM NaCl ( Figure 6B ). Consistent with the results from above V-ATPase activity assays, cbl2 or cbl3 single mutants did not show any discernible difference as compared to the wild-type plants under these ionic stress conditions (Supplementary information, Figure S10 ).
cbl2 cbl3 mutant displays an altered ionic profile
Proton-dependent transport across the tonoplast is indispensable to efficient nutrient uptake and storage in plants [38] . As a result of impaired V-ATPase function in cbl2 cbl3, we reasoned that accumulation of mineral ions might also be affected in mutant plants, thus serving as a model system to understand the correlation between V-ATPase activity and ion homeostasis. We therefore resorted to ionomic analysis in the cbl2 cbl3 and vha-a2 vha-a3 mutants. For this assay, roots and shoots were harvested separately from plants in hydroponic culture and analyzed for Na + , Zn 2+ and Mo 2+ using the inductively coupled plasma-mass spectrometry [44] . Comparison of ionic profiles of the cbl2 cbl3 mutant plants versus the wildtype controls grown under the same conditions revealed Comparison of the leaf ionome of wild-type Col-0, cbl2 cbl3 and vha-a2 vha-a3 mutants. Root and leaf samples from wild-type Col-0 and cbl2 cbl3 mutant plants hydroponically grown under the same condition were analyzed for an array of ion contents using inductively coupled plasmamass spectrometry. Ion profile data among Col-0, cbl2 cbl3 and vha-a2 vha-a3 plants were compared. For each element, the mean concentration in the wild-type Col-0 was used as the control, and log2 of the ratio of each mutant divided by the control was calculated and shown in the diagrams. Data represent mean ± SE of 12 independent plant samples in three replicate experiments.
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npg pronounced changes of several elements in the ionomes. More importantly, cbl2 cbl3 and vha-a2 vha-a3, both defective in V-ATPase, shared very similar ionic profiles (Figure 7) , further supporting the conclusion that CBL2 and CBL3 are functionally linked to regulation of plant V-ATPase activity. In roots, both cbl2 cbl3 and vha-a2 vha-a3 mutants showed sharp reductions in concentrations of Ca, Mg and Fe, but significant augment in that of K, along with marginal changes in concentrations of Na and Mn ( Figure 7A ). In rosette leaf tissues of both mutants, the concentrations of Ca, Mg, Mn and Fe were decreased, but the K contents were differentially regulated in these two mutants ( Figure 7B ). The leaf K content of vha-a2 vha-a3 mutant plants was slightly reduced, but that of cbl2 cbl3 mutant was nearly 30% higher than that of wild-type ( Figure 7B ). Taken together, our data suggest that accumulation of micronutrients but not potassium was dramatically affected in cbl2 cbl3 as well as in vha-a2 vha-a3, consistent with the fact that these two mutants displayed lower tonoplast V-ATPase activity compared to wild-type Arabidopsis.
cbl2 cbl3 mutant is tolerant to low-K + conditions
The discrepancy of leaf K concentrations in cbl2 cbl3 and vha-a2 vha-a3 mutants implies that CBL2 and CBL3 may contribute to ion homeostasis in some ways other than regulating V-ATPase. To investigate the possible role of CBL2/3 in response to low potassium, we analyzed the low-K + stress sensitivity of the cbl2 cbl3 double mutant. After 10-day growth under K + -limiting conditions, the leaves of cbl2 cbl3 mutant were less chlorotic than those of wild-type ( Figure 8A ), consistent with higher leaf chlorophyll content in the double mutant ( Figure 8C ). Although there was no difference for root growth under K + -deficient conditions ( Figure 8D ), the fresh weight of cbl2 cbl3 mutant plants was higher compared to the wild-type plants, likely as a result of healthier leaves (Fgiure 8B). These results add to our understanding with regard to the role of CBL-type calcium sensors in plant responses to low-K + stress. While CBL1 and CBL9 function at plasma membrane to regulate K + uptake from the soil through activation of AKT1 [21, 22, 45] , CBL2 and CBL3 may control intracellular K + homeostasis through regulating K + transport across tonoplast.
Discussion
Calcium plays a vital role as a ubiquitous secondary messenger in plant cells during many developmental processes and in response to environmental stimuli. Plants possess a diversity of sensor proteins that bind Ca 2+ through EF-hand motifs and link the calcium changes to further cellular responses. The CBL-type calcium sensors can be divided into two major groups based on their subcellular localizations. The plasma membranetargeted group includes CBL1, CBL4, CBL5, CBL8 and CBL9, and the tonopalst-associated group is comprised of CBL2, CBL3, CBL6 and CBL10. The fact that almost all CBLs are associated with either plasma membrane or tonoplast suggests that CBLs and their target kinases (CIPKs) build up an extensive network for the regulation of membrane transport processes. Indeed, findings of CBL1, CBL4 and CBL9 as critical regulators of plasma membrane transporters such as SOS1, AKT1, and CHL1 support this hypothesis [17, 18, [21] [22] [23] [24] . Do tonoplastassociated CBLs coordinate with the plasma membrane CBLs in regulating cellular ionic homeostasis? Our present study answers this question by characterizing the function of CBL2 and CBL3, two highly homologous CBLs associated with vacuolar membrane.
In addition to high sequence homology, the expression patterns of CBL2 and CBL3 also largely overlap throughout plant development. Although differential expression in various cell types of the same organs may suggest cellspecific functions, genetic analysis has shown that the two genes overlap in their function as cbl2 or cbl3 single mutant closely resembles wild-type, but the double mutant displays evident abnormalities in development and ionic sensitivity (Figures 3 and 4 ; Supplementary information, Figure S10 ). We thus conclude that CBL2 and CBL3 primarily operate in a functionally redundant manner in Arabidopsis. However, we cannot rule out the possibility that either CBL2 or CBL3 may individually control yet unknown physiological processes in specific cell types.
Not only the expression pattern, but the subcellular localization of CBL-type calcium sensors is also believed to reflect spatial specification of Ca 2+ signaling [8, 28] . In this study, we confirmed that CBL2 and CBL3 are specifically associated with the tonoplast in Arabidopsis cells, consistent with an earlier study using N. benthamiana [28] . We also further demonstrated that the N-terminal 19-aa of the CBL2 protein defines a tonoplast targeting sequence (TTS) that is necessary and sufficient for subcellular localization to the vacuolar membrane. During the preparation of this report, Batistič et al. [46] reported that S-acylation of three cysteine residues in the Nterminus is required for vacuolar targeting of CBL2 in a Brefeldin A-insensitive pathway. Particularly relevant to this study, it was also shown that the CBL6-GFP chimera with a similar TTS at the N-terminus was targeted to tonoplast independently from the typical secretory pathway [47] . In other words, TTS is distinct from a typical signal peptide that mediates protein translocation through the secretory pathway. Instead, TTS translocates CBL2 and CBL3 to the vacuolar membrane after protein synthesis in the cytosol. Also distinct from a typical signal peptide, TTS does not serve as a transmemrbane helix, can work in the middle or in the C-terminus of the protein, and would not be cleaved. Such sequences would be a useful tool to target other proteins to the tonoplast in genetic engineering processes [32] . Future work will be required to fully characterize this elusive pathway for protein trafficking in plant cells.
Due to functional redundancy, the physiological roles of CBL2 and CBL3 were approached by double mutant analysis. The most dramatic phenotypic changes in the cbl2 cbl3 double mutant include stunted growth, leaf necrosis and reduced fertility. When we correlated the developmental defects with possible functions of these two CBLs in vacuolar transport, we found that cbl2 cbl3 double mutant phenotype is largely shared by the vha-a2 vha-a3 double mutant as well, as the cax1 cax3 double mutant, both of which have defects in V-ATPase activity [34, 48] . It is very likely that the reduced V-ATPase activity accounts for growth inhibition of all these mutants. Indeed, the cbl2 cbl3 double mutant was also compromised in its V-ATPase activity albeit to a lesser extent than the vha-a2 vha-a3 double mutant ( Figure 5) .
The cbl2 cbl3 phenotypic changes can be largely ascribed to the observed defect in tonoplast V-ATPase. Acidification of the vacuolar compartment by the VATPase is known to energize secondary ion and metabolite transport. The cbl2 cbl3 mutant is smaller than wildtype presumably because alkalized pH in the vacuoles of cbl2 cbl3 hampers cell expansion owing to inadequate turgor pressure [49] . As well, the reduced H + transport across the tonoplast hinders the sequestration of excessive levels of cations into the vacuoles so that the cbl2 cbl3 mutant is hypersensitive to a variety of exogenous cations. Moreover, the symptom of necrosis at leaf tips is indicative of nutrient deficiency, consistent with ionomic profiles of cbl2 cbl3 mutants that show lower levels in nutrient cations such as Ca . It is intriguing to find that the cbl2 cbl3 double mutant is hypersensitive to a handful of cations but not to Na + . Previously, several mutants with reduced V-ATPase activity appeared to be hypersensitive to Na + , supporting the notion that increased V-ATPase activity is required for Na + compartmentalization under salt stress [49, 50] . However, consistent with our results, the vha-a2 vha-a3 double mutant does not show hypersensitivity to external Na + , suggesting that tonoplast V-ATPase activity may not be a limiting factor for Na + sequestration and tolerance [34] . In contrast, reduction of V-ATPase activity in the early endosome results in increased salt sensitivity [34] . Therefore, different isoforms of V-ATPase may have distinct functions and CBL2 and CBL3 appear to be specifically associated with tonoplast V-ATPase activity essential for nutrient storage. Along this line, it is relevant to compare CBL2 and CBL3 with CBL10, another CBL that is targeted to tonoplast through a single transmembrane domain. The formation of CBL10-CIPK24 complex at the tonoplast mediates shoot salt tolerance by regulating unknown targets [20] . It will be important www.cell-research.com | Cell Research Another interesting observation is that the cbl2 cbl3 mutant has a higher K + content than the wild type. A simple explanation is that more K + accumulation occurs in the vacuole as a compensation for loss of other mineral ions. However, it may be more interesting to take the other results into account, that is, cbl2 cbl3 mutant was more sensitive to high external K + and more tolerant to low-K + conditions as compared to the wild-type. These phenotypes are probably independent of mis-regulation of V-ATPase because vha-a2 vha-a3 did not show obvious phenotypes in response to external K + perturbations [34] . K + translocation into the lumen can be mediated by vacuolar NHX-type K + /H + antiporters such as NHX1 [51] [52] [53] . Relevant to this finding, the activity of NHX1 is shown to be regulated by another calcium sensor, calmodulin [54] . It would be interesting to determine how K + / H + exchange at the tonoplast was altered in the cbl2 cbl3 mutant and how these CBL-type calcium sensors coordinate with calmodulin in linking calcium and vacuolar K + transport in plant cells.
It has been long suggested that the activity of plant V-ATPase is regulated by developmental and environmental factors [55, 56] , but the molecular mechanism remains unclear. Here we provide several lines of evidence to support that CBL2 and CBL3 may mediate a Ca 2+ -dependent pathway in regulation of V-ATPase activity. While the precise mechanism for this CBL2/3-mediated pathway is still lacking at present, we propose several possible scenarios. A simple possibility is that CBL2 and CBL3 may directly interact with one or several subunits of V-ATPase thereby controlling its activity or assembly. However, preliminary yeast two-hybrid assays failed to identify strong interactions between CBL2/3 and any of the known subunits (Supplementary information, Figure S11 ). Thus, a more inviting scenario is that the calcium sensors CBL2 and CBL3, like other CBLs, activate downstream CIPKs and recruit these kinases to the vacuole membrane [8, 28] , followed by phosphorylation of particular V-ATPase subunits and activation of the enzyme complex. Through yeast two-hybrid assays, we found that CBL2 and CBL3 shared several interacting CIPKs (Supplementary information, Figure S12 ), but none of these cipk single mutants showed similar phenotypes as the cbl2 cbl3 double mutant according to our preliminary experiments. One possible reason might be functional redundancy and combination of multiple mutations among these cipk mutants would help to solve this problem. Finally, we cannot exclude the possibility that CBL2 and CBL3 modulate some secondary transporters at the tonoplast, which influence the primary H + pump indirectly. Further work will be directed to identify other key components in this novel Ca 2+ -signaling pathway in regulation of plant V-ATPase activity.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana ecotype Col-0 was used in this study. T-DNA insertion mutants were searched in the SALK T-DNA Express database (http://signal.salk.edu), and two lines cbl2 (SALK_151426) and cbl3 (SAIL_785_C10) were obtained from Arabidopsis Biological Resource Center (http://abrc.osu.edu/). The homozygous cbl2 or cbl3 mutant was identified using genespecific primers in combination with T-DNA left border primers (Supplementary information, Table S1 ). Confirmation for T-DNA flanking sequences were presented in Supplementary information, Data S1. The cbl2 cbl3 double mutant was generated by crossing cbl3 to cbl2.
Wild-type (Col-0) and mutant Arabidopsis plants were grown in soil at 22 °C under 12-h-light/12-h-dark conditions in the green house. Hydroponically grown plants were kept in a plant growth chamber with a 14-h-light/10-h-dark photoperiod under 60-90 µmol/m 2 /s light and 60%-80% relative humidity. For the ion sensitivity assays, wild-type and mutant seeds were sterilized with 0.5% sodium hypochlorite for 5 min, washed four times with sterilized water and sown on MS medium [41] solidified with 0.8% phytoagar. The plates were placed at 4 °C for 2 days, and then the seeds were germinated vertically at 24 °C under normal conditions. Five-day old seedlings were transferred onto 1/6-strength MS medium (containing 1% sucrose, pH = 5.8, solidified with 1% agarose) or the 1/6 MS medium supplemented with various metal ions at the indicated concentrations. For low-K + phenotypic assay, 5-day old seedlings were transferred onto LK medium that was modified based on MS medium: KNO 3 and KH 2 PO 4 were replaced by NH 4 NO 3 and NH 4 H 2 PO 4 , respectively; the final concentrations of K + were adjusted by KNO 3 ; and 0.8% UltraPure Agarose (Invitrogen) was added for solidification. We performed the ionic sensitivity assays three times each in two independent laboratories. The responses between wild-type and mutant plants followed the same pattern although some quantitative differences might be observed due to altered growth conditions. Data from three independent experiments performed in one laboratory were presented.
RT-PCR and qRT-PCR analyses
Total RNA was isolated from Arabidopsis seedlings of different ages as well as various organs of mature plants, or from rosette leaves of wild-type, single-and double-mutant plants, using TRI-ZOL Reagent (Invitrogen). RNA samples were also obtained from 10-day old seedlings grown on MS medium under various stress treatments. After being treated with DNase I (Promega), 2 µg of total RNA was subjected to reverse transcription reaction using the reverse transcriptase ReverTra Ace (TOYOBO) at 42 °C for 1 h. The resulting cDNA was used for PCR amplification with the genespecific primers listed in Supplementary information, Table S1 . qRT-PCR analysis was performed on the RotorGene 3000 system (Corbett Research) with the SYBR Green Realtime PCR Master Mix (TOYOBO) to monitor double-stranded DNA products. Data analysis was performed with Rotor-Gene software version 6.0 and relative amounts of mRNA were calculated based on the comparative threshold cycle method. The relative expression of CBL2 or CBL3 gene was double-normalized using the housekeeping gene ACTIN2 and using the control expression values measured at 0 h.
Promoter-GUS fusion analysis and histochemical assay of GUS activity
For construction of ProCBL2:GUS, an approximately 1.5 kb promoter region right upstream of ATG start codon of CBL2 gene was amplified from Col-0 genomic DNA by PCR and verified by sequencing. The PCR fragment was cloned into the BamHI/ HindIII site of binary vector pCAMBIA 1381Z to obtain a transcriptional fusion of the CBL2 promoter with the GUS coding sequence. To generate the ProCBL3:GUS construct, 1.6 kb of the CBL3 promoter region was amplified using Col-0 genomic DNA and the PCR product was cloned into the BamHI/PstI site of pCAMBIA 1381Z vector. The constructs were introduced into the Agrobaterium tumefaciens GV3101 strain, which was thereafter used to transform Arabidopsis thaliana by the floral dipping method [57] . At least 10 independent transgenic lines for each construct were selected on MS medium containing 30 mg/l hygromycin and seedlings of T 2 generation were subjected to GUS assays. For histochemical analysis to detect GUS expression, plant materials were incubated at 37 °C for 4 h in the staining buffer (100 mM sodium phosphate, pH 7.0, 10 mM EDTA, 0.5 mM K 3 [Fe(CN) 6 ], 0.5 mM K 4 [Fe(CN) 6 ], 0.1% Triton X-100) supplemented with 0.5 mM 5-bromo-4-chloro-3-indolyl-β-D-glucuronide (X-Gluc). To clear chlorophyll from the green tissues, the stained materials were incubated in 75% ethanol overnight and then kept in 95% ethanol [58] .
Protein expression, purification and calcium binding assay
The coding region of CBL2 and CBL3 was amplified from Col-0 cDNA samples. PCR products were cloned into the pGEX-4T-1 vector through BamHI/SalI site and verified by sequencing. The resulting GST fusion constructs were transformed into E. coli strain BL21 (DE3). Recombinant protein expression was induced at OD 600 = 0.8 with 0.5 mM IPTG. Bacterial cells were harvested by centrifugation and lysed by sonication. GST-CBL2 and GST-CBL3 proteins were affinity purified from bacterial lysates with Glutathione-Sepharose 4B (GE Healthcare).
For Ca
2+
-binding assay, proteins were separated by SDS-PAGE and transferred onto nitrocellulose by eletroblotting. Thereafter, the membrane was washed four times in a buffer solution containing 10 mM imidazole-HCl, pH 6.8, 60 mM KCl and 5 mM MgCl 2 . The membrane was then incubated in the same buffer plus 37 kBq m/l 45 Ca 2+ (Perkin-Elmer) for 10 min, rinsed with distilled water for 40 min, air-dried and exposed to X-ray film for 6 days.
Subcellular localization of CBL2 and CBL3
To determine the subcellular localization of CBL2, CBL3 and chimeras modified by TTS, the coding region of each target protein was in-frame fused to YFP in the transient expression vector pA7-YFP. The fusion constructs were introduced into Arabidopsis mesophyll protoplasts prepared from rosette leaves by the polyethylene glycol-mediated transformation procedure [59] , respectively. For stable expression, the CBL2-YFP or CBL3-YFP fusion was cloned downstream of a plant super promoter in the pCAMBIA 1300 binary vector [60] , and the resulting constructs were transferred into Agrobaterium tumefaciens GV3101 strain. Arabidopsis plants were transformed using the floral dipping method [57] . Twenty independent transgenic lines were used for localization of CBL2-YFP and CBL3-YFP. YFP fluorescence in transfected protoplasts or in the roots of transgenic plants was imaged using the LSM510 META confocal laser scanning microscope (Carl Zeiss). The filter settings are Ex 514 nm/Em BP 535-600 nm for YFP, and Ex 488 nm/Em LP 650 nm for chlorophyll.
Enzyme activity and proton (H + ) transport measurements
Leaf microsomal fractions were prepared from 4-week old hydroponically grown plants. Plant materials were ground with cold homogenization buffer containing 350 mM sucrose, 70 mM Tris-HCl (pH 8.0), 3 mM Na 2 EDTA, 0.2% (w/v) BSA, 1.5% (w/ v) PVP-40, 5 mM DTT, 10% (v/v) glycerol, 1 mM PMSF and 1× protease inhibitor mixture (Roche). The homogenate was filtered through four layers of cheesecloth and centrifuged at 4 000× g for 20 min at 4 °C. The supernatant was filtered through cheesecloth again and then centrifuged at 100 000× g for 1 h. The resulting microsomal pellet was resuspended in 350 mM sucrose, 10 mM Tris-Mes (pH 7.0), 2 mM DTT and 1× protease inhibitor mixture. V-ATPase and PPase activity of 10 µg microsomal membranes was determined as phosphate (Pi) release after 40 min incubation at 28 °C. The V-ATPase assay solution contained 25 mM TrisMes (pH 7.0), 4 mM MgSO 4 , 50 mM KCl, 1 mM NaN 3 , 200 µM Na 2 MoO 4 , 500 µM NaVO4, 0.1% Brij 35 and 2 mM Mg-ATP. V-ATPase activity was calculated as the value difference between the measurements in the absence and the presence of 200 nM Concanamycin A plus 50 mM NaNO 3 . The PPase activity was assayed in a reaction solution containing 25 mM Tris-Mes (pH 7.5), 2 mM MgSO4, 200 µM Na 2 MoO 4 , 0.1% Brij 58, and 200 µM Na 4 P 2 O 7 . PPase activity was expressed as the difference measured in the absence and the presence of 50 mM KCl. For measuring the amount of inorganic Pi, reactions were terminated by adding 40 mM citric acid. Freshly prepared AAM solution (50% (v/v) acetone, 2.5 mM ammonium molybdate, 1.25 M H 2 SO 4 ) was then added to the reaction, vortexed and colorimetrically examined at 355 nm. 10 µg boiled membranes instead of fresh microsomes were used for the blank value.
For H + transport assay, tonoplast vesicles were isolated and purified as previously described [61] . The H + transport activity of VATPase was measured as a quenching of the pH-sensitive fluorescent probe quinacrine. Proton translocation was initiated in purified tonoplast vesicles (100 µg) by rapid addition of 1 mL reaction buffer containing 10 mM Tris-Mes (pH 8.0), 250 mM mannitol, 6 mM MgSO 4 , 50 mM (CH 3 ) 4 NCl, 3 mM ATP and 3 µM quinacrine. Fluorescence quenching was monitored in a thermostated cell at 25 °C using a fluorescence spectrometer (Hitachi F-2700) at 427 nm excitation wavelength and 495 nm emission wavelength. The BCECF fluorescence was detected and imaged using the Zeiss LSM510 META confocal laser-scanning microscope. The fluorophore was excited at 488 nm and 458 nm, respectively, and the emission was detected between 505 nm and 550 nm. Vacuolar pH value was quantified by ratio analysis of the pH-dependent (488 nm) and pH-independent (458 nm) excitation wavelengths from a calibration curve (Supplementary information, Figure S9 ), and ratio images were produced using the ion concentration tool of Zeiss LSM confocal software.
Measurement of vacuolar pH
Ionomic analysis
Ion profiling was performed essentially as described [44] . Wildtype and mutant plants were fed with the 1/6-strength MS solution twice a week and harvested when they were 5-week old. Plants were carefully subsampled in roots and rosette leaves, and washed with 18 MΩ water for three to five times. Sample digestion was carried out in concentrated HNO 3 overnight followed by gentle oscillation in a 99 °C water bath for 1-2 h. Each sample was then diluted to 14 ml and elemental analysis was performed with an ICPmass spectrometer (Elan DRCe; Perkin-Elmer). The experiments were repeated for at least three times and 12-18 individual plants were used in each replicate.
